Introduction
The sub-nuclear organization of chromatin in the nucleus is not random with whole chromosomes occupying discrete territories in preferred positions . The position of a specific gene within the nucleus is correlated with its transcriptional status and specialized sub-compartments for gene expression or repression have been described (Sexton et al, 2007) . Silent gene loci are often found in close proximity to centromeric heterochromatin, and centromeres are known to be preferentially associated with the nuclear periphery or the nucleolus (Brown et al, 1997 (Brown et al, , 1999 (Brown et al, , 2001 Kim et al, 2004; Merkenschlager et al, 2004) . The nuclear periphery has been functionally associated with transcriptional silencing in yeast (Andrulis et al, 1998) and Drosophila melanogaster Pickersgill et al, 2006) , although this view has been challenged by the demonstration of regions of active transcription associated with nuclear pores (Casolari et al, 2004; Taddei et al, 2006) . In addition, in mammals, the nuclear periphery has been associated with transcription repression, particularly through associations with the nuclear laminaGuelen et al, 2008). Tethering of transgenes to the periphery of the nucleus causes transcriptional silencing that can be reverted by repositioning towards the interior of the nucleus (Dietzel et al, 2004; Finlan et al, 2008; Reddy et al, 2008) . Several endogenous genes have also been shown to behave similarly (Kosak et al, 2002; Zink et al, 2004; Chuang et al, 2006; Williams et al, 2006) , although the picture might be more complex with genes being unaffected by their proximity to the periphery (Nielsen et al, 2002; Zhou et al, 2002; Hewitt et al, 2004; Finlan et al, 2008; Kumaran and Spector, 2008; Reddy et al, 2008) . In addition to the nuclear periphery, different types of silenced domains containing Polycomb group (PcG) proteins have also been found throughout the nucleoplasm of Drosophila and human nuclei (Saurin et al, 1998; Martinez et al, 2006) . Changes in gene expression after cellular differentiation, or after various external stimuli, are often associated with changes in the subnuclear positioning of genes and regulatory sequences that may establish long-range interactions (Spilianakis et al, 2005; Lomvardas et al, 2006) . In some cases, large chromosome loops containing active genes extend outside of a defined chromosome territory (Volpi et al, 2000; Chambeyron and Bickmore, 2004; Williams et al, 2006; Noordermeer et al, 2008) . Sites of active transcription are enriched in RNA polymerase II and are called transcription factories (Jackson et al, 1998) . In some cases, more than one gene, also from different chromosomes, have been shown to occupy the same transcription factory on activation (Osborne et al, 2004) .
The human immunodeficiency virus type 1 (HIV-1) requires integration into host chromatin to replicate. Transcriptional silencing of integrated HIV-1 is crucial for the establishment of latent reservoirs of infected cells that persist during antiretroviral therapy and pose a constant threat to infected individuals. Discontinuation of therapy induces transcriptional reactivation of latent provirus and a consequent relapse of viremia. As the HIV-1 provirus is found integrated into the host genome, regulation of the viral gene expression depends on the chromatin environment at the site of integration (Marcello, 2006) . Clearly, multiple mechanisms could concur in this process. The U3 region of the HIV-1 long terminal repeat (LTR) functions as the viral promoter and contains consensus sequences for several host transcription factors (Pereira et al, 2000) . In addition, HIV-1 transcription is boosted by the viral Tat trans-activator that recruits host transcription kinases and acetyltransferases to the integrated promoter (Marcello et al, 2001) . Both host transcription factors and the viral Tat trans-activator have been proposed as limiting factors for transcriptional reactivation of latent HIV-1. However, as HIV-1 is found integrated into the genome of resting memory T cells, it has been proposed that the chromatin environment at the viral integration site may have a role in the transcriptional silencing of the HIV-1 genome (Jordan et al, 2001 (Jordan et al, , 2003 . Indeed, integrated HIV-1 has nucleosomes positioned in its 5 0 -LTR that are remodelled by deacetylase inhibitors, cytokines and Tat (Van Lint et al, 1996; Lusic et al, 2003; Marcello et al, 2004) . Histones are important in regulating HIV-1 transcription as they integrate signals for repression, like the heterochromatin markers H3K9 trimethylation, Suv39H1 and HP1g (du Chene et al, 2007) , and reactivation, like histone acetylation (Lusic et al, 2003) . HIV-1 functions as an ectopic transcription unit that can integrate at various positions within chromatin and as such becomes part of this dynamic framework of chromatin interactions that control transcription. It is possible that by integrating into a region involved in a specific cellular pathway that requires inter-or intra-chromosomal interactions to regulate transcription, HIV-1 becomes regulated in the same manner as has been proposed for cellular genes (Fraser and Bickmore, 2007; Misteli, 2007) . At the molecular level, such dynamic genomic reorganizations correlate with the formation of inter-and intra-chromosomal associations that can be revealed by the chromosome conformation capture (3C) technique (Dekker et al, 2002) .
To explore this possibility, we took advantage of a lymphoid cell line that carries a single silenced provirus (Jordan et al, 2003) . To clone putative sequences that were spatially proximal to the integrated provirus, we developed a circular 3C (4C) technique (Lomvardas et al, 2006; Zhao et al, 2006) . The 4C method allowed the identification of a region of chromosome 12 (position Ch12q12) that physically interacted with the provirus that was confirmed by subsequent 3C analysis. It is interesting that, however, the interaction was lost in cells where transcriptional activation of the provirus occurred. To confirm the spatial proximity of these two regions, we performed fluorescent in situ hybridization (FISH) and found that the provirus and Ch12q12 were associated in a significant number of quiescent cells. On activation, the association between these two regions was again lost, although the transcribing provirus remained localized at the nuclear periphery. We conclude that HIV-1 transcriptional repression correlates with nuclear positioning of the provirus to the periphery and with its interaction with pericentromeric heterochromatin. However, both inactive and actively transcribing provirus did not move towards the interior of the nucleus but remained peripheral.
Results
The J-lat A1 cellular model J-lat A1 cells are a convenient model to study HIV-1 postintegrative latency. J-lat A1 cells were generated by transduction of the lymphocytic cell line Jurkat with an HIV-1 vector containing the Tat and the green fluorescent protein (GFP) open reading frames under the control of the viral 5 0 -LTR (Jordan et al, 2003) . Cells that were negative for GFP have been isolated by sorting and then stimulated with phorbol esters (TPA) to isolate GFP-positive cells. Cells that had the latent phenotype and that could be reactivated by TPA treatment were cloned and further characterized. These cells carry a single integrated HIV-1 vector at position ChXp21.1 ( Figure 1A ). The vector was derived from the prototype pHR 0 series where flag-tagged Tat101 (corresponding to the two-exon form of the HIV-1 Tat gene with a C-terminal flag tag) and GFP were under the control of the HIV-1 5 0 -LTR by using an internal ribosome entry site (LTR-Tat-IRES-EGFP) (Jordan et al, 2003) .
On induction with TPA, B86% of cells express GFP after 24 h ( Figure 1B ), Flag-tagged Tat is produced and the cellular cofactor Cyclin T1 can be immunoprecipitated with anti-flag antibodies ( Figure 1C ). Induction of viral mRNA is already visible at 4 h post-induction with TPA and accumulates further on ( Figure 1D) . A time course of nascent viral RNA was measured with primers for the intronic region, and in this case, the precursor RNA was also produced within 4 h and peaked 8 h after induction ( Figure 1D ). We conclude that the J-lat A1 cell line may be a convenient model to study HIV-1 latency with a defined silenced state (off state) and an activated state (on state). We also set 8 h after treatment with TPA as the maximal activation of the integrated provirus.
Identification of genomic sequences that interacted with the HIV-1 provirus by the 4C technique
On the basis of formaldehyde cross-linking of living cells followed by enzyme digestion, intra-molecular ligation and quantitative PCR analysis, the 3C method provides the opportunity to study chromosomal folding in the nucleus only if previous knowledge of the bait and interacting sequence exists (Dekker et al, 2002) . This limitation has been overcome by exploiting a circular intermediate by the strategic positioning of primers within the bait (Lomvardas et al, 2006; Zhao et al, 2006) . Therefore, this latter method enables the identification of unknown interacting sequences, which form part of the circular DNA, rendering it very useful for genome-wide studies. The 4C method is based on the proximity ligation principle in which DNA-protein/protein-DNA complexes generate circular DNA molecules under prolonged incubation with high concentrations of ligase (Gondor et al, 2008) .
J-lat A1 cells were either left untreated or incubated with TPA for 8 h and then cross-linked with formaldehyde as described in detail in Material and Methods. Cross-linked material was digested with HindIII, diluted and ligated. After reversal of cross-links, primers pointing outwards from a HindIII fragment (position 1088-1672 according to the sequence of the provirus) within the HIV-1 provirus were used as a bait to amplify DNA sequences without any previous knowledge of their identities ( Figure 2A ). As shown in Figure 2B , a smear of several bands was evident in agarose gels after nested PCR. The major difference consisted in the appearance of bands at B600 and 1200 bp only in the induced cells. The bands were excised from the gel, cloned and sequenced. Identity was confirmed to be the fragment of the provirus used as bait for the 4C (584 bp) and multimers of this sequence. We hypothesized that this could be due to multiple runs of PCR over the junction on religated Figure 2A ). To confirm this hypothesis, we introduced an additional step in the 4C procedure by cutting with NotI (position 1145 of the provirus), a unique restriction site within the bait fragment, before the nested PCR. As shown in Figure 2C , treatment with NotI reduces the products of the religated template. However, despite this modification of the protocol, we were unable to detect host chromatin sequences associated with the provirus in activated cells. Both single excised bands or bulk cloning of the PCR products showed only religated templates, primer multimers or boundary sequences of the provirus owing to incomplete HindIII digestion. This could be explained by a technical failure to identify all the fragments involved and may be solved by more in-depth sequencing or the use of tiling arrays (Simonis et al, 2006) . Alternatively, the observation that the intramolecular ligation by-products of the 4C reaction increase on induction may indicate that the chromatin loops out from a more compact conformation and therefore is more accessible to enzymatic digestion. Looping of HIV chromatin on transcriptional activation coupled to high levels of Tat-mediated transcription and local enrichment of nascent RNA, although not formally proven, may well account for a single transcription factory exclusive for HIV transcription (Boireau et al, 2007; Perkins et al, 2008) .
By contrast, in silenced cells, after bulk cloning of all the nested PCR products, we identified a specific fragment from host chromatin that corresponded to the positions 37 017 830-37 017 941 of chromosome 12q12. To confirm this interaction, we proceeded to 3C analysis with a primer mapping within the identified fragment (Supplementary Table 1 ). As shown in Figure 2D , a hemi-nested PCR on cross-linked material from latent J-lat A1 cells confirmed the interaction of the provirus with Ch12q12 ( Figure 2D , top panels). As control of template amplification, we used a set of primers that detected the HIV provirus (HIV intro, bottom panels). However, if the ligation step was omitted or the material was not cross-linked, no amplification was observed ( Figure 2D ). Hence, in the off state, the provirus interacts physically with Ch12q12. Next, we examined this interaction by 3C after induction with TPA. As shown in Figure 2E , the amount of template that could be amplified by hemi-nested PCR was reduced on activation of HIV transcription. We conclude that in J-lat A1 quiescent cells, the provirus integrated in ChXp21.1 interacts physically with Ch12q12. On activation of proviral transcription with TPA, this interaction is lost.
Mapping of the genomic regions by 3D-FISH
To confirm the interaction between the provirus integrated into ChXp21.1 and Ch12q12, we performed FISH on J-lat A1 cells that were fixed by a method previously shown to preserve the 3D structure of the nucleus . To mark ChXp21.1, we used BAC RP11-77013 and to mark Ch12q12 we used BAC RP11-379CZ4. These probes were selected to cover the region where the provirus is integrated (ChX) and the region that was showed by 3C to RT-PCR analysis was conducted for the spliced RNA (exon, top panels), the pre-mRNA (intron, middle panels) and the b-actin control (bottom panels) before (left panels) and after induction with TPA (right panels). Samples were analyzed at the indicated time points.
be physically associated with it in Ch12. As shown in Figure 3A , single-cell disposition of the two marked regions varied. First, we measured the minimal distance between ChXp21.1 and Ch12q12, to look for the interaction detected in 4C, and between Ch12q12 and Ch12q12 for comparison. More than 100 cells were analyzed and the results are shown in Figure 3B and C. Both samples show a Gaussian distribution around a 3-mm mean of the minimal distances of interaction. However, for the Ch12/ChX analysis, the data could be fitted with two Gaussians, with the smaller representing a subset of close associations centred around 0.6 mm ( Figure 3B ). Within the population of cells tested in the silenced state, 2.9±0.7% showed colocalization of the two regions and 11 ± 4% showed proximity at a distance of o0.6 mm ( Figure 3E ). Clearly, this could be the fraction of the interaction that could be detected by 3C; therefore, we wanted to explore what happens when HIV transcription is induced by TPA. As shown in Figure 3D , treatment of cells with TPA induces the disappearance of the cluster of close associations of Ch12q12 with ChXp21.1. Both fractions of cells were significantly reduced to 0.8 ± 0.8% (colocalizing) and 3 ± 2% (adjacent) ( Figure 3E ).
The region of interaction at position Ch12q12 is close to the centromer of chromosome 12, a heterochromatic region that might be involved in the silencing of HIV-1 in trans. Indeed, pericentromeric satellite alphoid DNA repeats are present and can be used as a marker for heterochromatin at that location. Therefore, we exploited a DNA probe specific for these a-satellite repeats present in Ch12 (Baldini et al, 1990) . As expected, the distances between the two marked regions varied ( Figure 4A ). A fraction of the non-induced cells showed colocalization of signals (4±2%), whereas 7±0.7% of cells showed proximity at a distance of o0.6 mm ( Figure 4B ). When cells were induced, the proximity was lost ( Figure 4B ). We next explored the localization of the provirus with respect to Ch12 a-satellites ( Figure 4C ). In this case, 4 ± 2% of cells showed colocalization of the provirus with the centromer and 4±2% showed proximity at a distance of o0.6 mm ( Figure 4D ). Again, when cells were induced, the colocalization was reduced to 1 ± 1% and the fraction showing proximity at a distance of o0.6 mm was also reduced to 1 ± 1% ( Figure 4D ).
These results confirm the 3C data since we could demonstrate that a fraction of the population showed interaction between the provirus and the pericentromeric region of chromosome 12. It is possible that this sub-population of cells corresponds to those that are not activated by TPA ( Figure 1B) . However, we show in Supplementary Figure  1A that there is no correlation between the inability of being reactivated by TPA and the association of the provirus with centromeric heterochromatin in different cell clones. Most likely, the timing of transcriptional activation differs Figure 1A ) is cross-linked to an unknown genomic locus (black line). After digestion with HindIII, the reaction is diluted and ligated to generate both intra-and inter-molecular ligations. Intra-molecular ligations could be reduced by NotI treatment. After reversal of cross-linking, a nested PCR is performed with primers within the bait pointing outwards, as shown also in Figure 1A . ( To confirm 4C data, a 3C analysis was performed by heminested amplification using a primer within the Ch12q12 region (see diagram). Control amplification was performed with primers mapping within the provirus (see Figure 1A) . (E) Loss of the interaction between the provirus and Ch12q12 on induction of transcription. 3C analysis of the Ch12q12/provirus interaction was performed both in induced (left) in and non-induced (right) cells. Two-fold serial dilutions of the template show that in non-induced cells there is more cross-linked material for the interaction.
among different cells in the population, also possibly reflecting the chromatin interactions of the provirus. Interestingly, one can also observe that on TPA treatment, the interaction between provirus and Ch12 is disrupted both in 3C and in FISH. How this disruption occurs remains to be established. An increase in the cell volume in J-lat A1 was not observed on TPA stimulation as it occurs, for example, in resting T cells . Furthermore, although the TPA treatment induces cell-cycle arrest, it remains possible that in the period after TPA stimulation a certain proportion of cells are still capable of completing mitosis, thus justifying the disruption of the interaction observed in J-lat A1. Alternatively, active rearrangements of chromatin domains during interphase may be required (Louvet and Percipalle, 2009 ).
Sub-nuclear positioning of the HIV-1 provirus As in our case the proximity between the loci correlates with silencing and it has been shown that silencing correlates with positioning near the nuclear periphery in some cases, we measured the distance from the nuclear periphery of the interactions. It is noted that the distribution of pericentromeric heterochromatin in J-lat A1 is characteristic of cycling lymphocytes (see Supplementary Figure 1B and C) with a high, but not exclusive, prevalence at the nuclear periphery. The distribution appears similar to what was observed in Chromatin conformation at the integrated HIV-1 M Dieudonné et al interphase lymphocytes (Weierich et al, 2003; Solovei et al, 2004) and corresponds to the so-called 'conventional architecture' (Solovei et al, 2009) . Evidence that the nuclear lamina forms an important repressive compartment also comes from the recent observations that this domain appears to be discontinuous with discrete lamin-associated chromatin domains (Guelen et al, 2008) . A subset of cells was chosen where the signals for Ch12 pericentromeric a-satellites and the provirus were at a distance of o0.6 mm (the mean value of the first Gaussian of Figure 3B compatible with the mean radius of confinement of each genomic locus) and measured their distance from the periphery of the nucleus. In Figure 5A , the distribution of these distances is shown as values normalized to the diameter of the nucleus where the value 0 represents the periphery and 0.5 the centre of the nucleus. It is interesting that the position of the interaction is consistently associated with the nuclear periphery (median of the absolute values ¼ 1 mm, Figure 5D ). These results show that in a certain proportion of cells, the silent provirus is found in close proximity of Ch12 pericentromeric a-satellites close to the nuclear periphery. Next, we repeated the analysis looking at the position of the provirus. As shown in Figure 5B , the provirus associates with the periphery irrespective of its association with chromosome 12. On induction with TPA, the position of the provirus seems to move slightly to the interior of the nucleus ( Figure 5C ). The shift is from a median absolute distance of 1.3 mm in non-induced cells to a distance of 1.7 mm in induced cells and was not significant (K-S test, P ¼ 0.5) ( Figure 5D ). As more than 86% of cells are activated on induction ( Figure 1A ), it appears that activation of the provirus does not correlate with a significant move towards the interior of the nucleus. However, as shown in the box plot of Figure 5D , the interactions between Ch12q12 and ChXp21.1, as well as between the provirus and the a-satellite repeats showed a significant sharp clustering at the nuclear periphery, whether the provirus remained more loosely associated both in the non-induced and in induced states.
These observations are conducted on one cell clone, J-lat A1, and may be of limited general significance. Therefore, the analysis of the localization of the provirus was extended with respect to nuclear periphery to: (i) two additional Jurkat cell clones derived similarly to J-lat A1 (J-lat A2 and J-lat H2) (Jordan et al, 2003) ; (ii) a Jurkat cell clone carrying a complete provirus (J-lat 8.4) (Jordan et al, 2003) ; (iii) two HOS cell clones obtained with a different protocol carrying a Tat-inducible provirus whose RNA can be visualized in single living cells (HOS_A4 and HOS_B3) (De Marco et al, 2008) ; and (iv) a pro-monocytic cell line carrying wild-type integrated HIV-1 (U1) (Folks et al, 1987) . These cell lines represent a wide range of models of proviral latency, from virus/ vector integration within alphoid repeats in -cis (J-lat H2) (Jordan et al, 2003) to integration within expressed genes (J-lat 8.4, HOS_A4 and HOS_B3) (De Marco et al, 2008; Lenasi et al, 2008) to latency resulting from cells surviving a wild-type infection (U1) (Folks et al, 1987) . For all these cells, the distance of the provirus from the nuclear periphery was measured. As shown in Figure 5E , most latent proviruses localize closely at the periphery of the nucleus and do not differ significantly from J-lat A1, with one exception. HOS_B3 cells harbour two integrated proviruses, both within active genes and transcriptionally competent (data not shown). One of the two integrants appears more distal from the periphery compared with J-lat A1 (K-S test, P ¼ 0.001). This cell line requires further investigation to explain how the internal provirus may be kept silenced.
We show that the majority of the silent provirus is found at the nuclear periphery, but as we could establish only Figure 5 Localization of the J-lat A1 provirus to the nuclear periphery. (A) The sub-population of J-lat A1 non-induced cells carrying the interaction between the provirus and Ch12 centromeric a-repeats was analyzed for distance of the interaction from the nuclear periphery (n ¼ 25). The abscissa represents the radius of the cell where 0 is the periphery and 0.5 is the centre. Values are normalized for the nuclear diameter. The density is intended as the frequency of distances between the two loci that fall within a discrete interval divided for the interval amplitude. (B) J-lat A1 cells were also analyzed for the localization of the provirus with respect to the nuclear periphery in the non-induced state (n ¼ 60) (B) and on induction (n ¼ 60) (C). Analysis was conducted as in Figure 5A . Inset: example of provirus detection. (D) Box plot analysis of the distribution of absolute distances from the periphery of the subset of interactions of provirus and Ch12 and centromeric a-repeats (median ¼ 1 mm). In addition, the distance of the provirus from the periphery, independent of its association with chromosome 12, is shown both in the inactive (median ¼ 1.3 mm) and in active (median ¼ 1.7 mm) states. Status of induction with TPA is indicated below. The differences in the distribution of the distances to the periphery of the provirus in the inactive or active state were not statistically significant (K-S test, P ¼ 0.5). (E) Box plot analysis of the distribution of distances from the periphery of the integrated provirus in different cell clones. When two integrations are present, as for U1 and HOS_B3, each of them is shown. Distances are presented as absolute values (values normalized to the diameter of the cell are shown in Supplementary Figure 1D) . Values that differ significantly from those obtained from J-lat A1 are indicated by an asterisk (K-S test, Po0.01).
(2008). First, we confirmed that nascent HIV-1 RNA remains at the nuclear periphery upon transcriptional activation by in situ hybridization of RNA ( Figure 6A) . Interestingly, the distribution of distances from the periphery measured for the provirus in HOS_A4 in the silenced state (median of the absolute values ¼ 1.5 mm) did not differ significantly from those of nascent RNA in the activated state (median of the absolute values ¼ 1.2 mm), indicating that the transcribing provirus did not move from its position (Supplementary Figure 1E) . To further confirm that HIV-1 RNA is transcribed at the nuclear periphery, a time course of RNA biogenesis in living cells expressing both Tat and EYFP-MS2nls was measured. As clearly shown in Figure 6B , active transcription from an integrated provirus is also continuously associated with the nuclear periphery in living cells.
Discussion
Regulation of gene expression is profoundly involved in HIV-1 pathogenesis. Failure of anti-retroviral therapy to eradicate the virus is determined by long-term post-integration transcriptional latency. In this work, the role of spatial positioning on proviral function in a well-established model of HIV-1 post-integrative latency was explored. J-lat A1 cells carry a transcriptionally silent HIV-1 proviral construct that could be induced by phorbol esters or other stimuli. We found that the provirus is located at the nuclear periphery and that it is associated with a pericentromeric region of chromosome 12 in B10% of cells. In this calculation, we include both loci that colocalized and loci that were within a distance of 0.6 mm, considering that the mean radius of confinement of a genomic locus in a mammalian nucleus is between 0.5 mm (Spector, 2003; Lanctot et al, 2007) and 0.3 mm for more constrained peripheral loci (Chubb et al, 2002) . Interestingly, upon transcriptional activation of the provirus, the interaction of the two loci dropped significantly, although the localization of the provirus remained peripheral.
In the original work by Jordan et al (2003), HIV-1 post-integrative latency correlated with integration in close proximity to alphoid repetitive DNA in cis. However, the J-lat A1 cell line differed because the integrated provirus was not associated with these repetitive sequences (Jordan et al, 2003) . Heterochromatin is associated with specialized chromosome structures, such as centromeres and telomeres, which define transcriptionally inactive nuclear domains. The silencing effect of heterochromatin is not restricted to the region packaged into heterochromatin itself but also to neighbouring DNA sequences providing an environment of condensed chromatin enriched in specific histone modifications and heterochromatin proteins (Dillon and Festenstein, 2002) . Therefore, heterochromatin centred at the chromosome 12 centromere might extend its repression also in trans involving closely associated chromatin loci such as ChXp21 harbouring the integrated provirus. Accordingly, recruitment of chromatin domains to centromeric heterochromatin in trans imposes silencing in D. melanogaster and differentiating mouse lymphocytes (Csink and Henikoff, 1996; Dernburg et al, 1996; Brown et al, 1997 Brown et al, , 1999 Brown et al, , 2001 Merkenschlager et al, 2004) . Heterochromatin markers, such as Suv39H1, HP1 and histone H3Lys9 trimethylation, have an important function in chromatin-mediated repression of integrated HIV-1 gene expression being reversibly associated with HIV-1 in a transcription-dependent manner (Marban et al, 2007; du Chene et al, 2007; Mateescu et al, 2008) . Interestingly, reactivation of J-lat A1 cells by siRNA knockdown of HP1a and HP1g has been shown (du Chene et al, 2007) . All these observations point to an involvement of heterochromatin in the silencing of HIV-1. However, a paradox emerges from our observations as in only B10% of cells the provirus was found in the proximity of the centromere of chromosome 12 when all cells were in fact silenced. Two explanations could be proposed: either within the same clonal population, the provirus associates with different heterochromatin environments that went undetected in our 4C approach, or two or more states of silencing exist, ranging from one closely associated with heterochromatin to one possibly more poised for transcription. The former hypothesis is unlikely, as the fraction of proximity of the provirus with a pan-a-satellite probe did not differ significantly from that with the specific Ch12 pericentromeric region (see Supplementary Figure 1A ). The latter state could involve the assembly of a pre-initiation complex with a stalled RNAPII that requires further signals to elongate (Figure 7) . Indeed, it has been shown that RNAPII elongation complexes initiating from the viral LTR prematurely terminate transcription in the absence of Tat, also in quiescent lymphocytes from patients (Kao et al, 1987; Lassen et al, 2004) . Furthermore, experiments involving bulk analysis of cells, such as, for example, chromatin immunoprecipitation, detected both HP1b and RNA polymerase on the viral LTR in the latent state (Mateescu et al, 2008) . Here, we show by single-cell analysis that these two states could be distinct within the same population.
Regardless of the status of chromatin at the site of integration, the provirus is also found associated with the nuclear periphery in induced cells. To note that peripheral localization of the region of interaction of chromosome territories corresponding to Ch12 and ChX has been observed in both human primary fibroblasts (Bolzer et al, 2005; Guelen et al, 2008) and lymphocytes (Kim et al, 2004; Parada et al, 2004) . Recent studies that addressed gene expression by locus targeting at the nuclear periphery consistently showed that transcriptional competence is also maintained at this location (Finlan et al, 2008; Kumaran and Spector, 2008; Reddy et al, 2008) . Indeed, our analysis of several additional cell clones confirmed localization of the silent provirus at the nuclear periphery in most cases ( Figure 5E ). Furthermore, we could also show continuous transcription at that location in single living cells where nascent RNA could be visualized (Figure 6 ).
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ChXp21.1 Nuclear envelope Figure 7 Schematic drawing that summarizes the concepts emerging from the experimental data. In J-lat A1 cells, the provirus is found integrated in the X chromosome and localized at the nuclear periphery. Although all cells harbour a transcriptionally silent provirus, this could be found spatially associated close to the centromere of Chromosome 12 in a fraction of the nuclei. We identify two states of the silenced provirus: one associated with pericentromeric heterochromatin of chromosome 12 at the nuclear periphery (off-off) and one not associated with chromosome 12 that may be poised for transcription (off). On activation, this interaction is lost and HIV RNA is transcribed, possibly within a transcription factory, without changing its localization to the nuclear periphery (on).
Local changes profoundly modify chromatin at the site of HIV integration, including histone acetylation, the removal of negative factors, the recruitment of positive factors and the phosphorylation of RNA polymerase (Lusic et al, 2003; Marcello et al, 2004) . In addition, HIV-1 DNA adopts a circular conformation associated with transcriptional activation (Perkins et al, 2008) . However, on activation, such local conformational changes appear to occur at the integrated provirus without a significant modification of the spatial position of the locus.
HIV is a retrovirus that crosses the nuclear pore to integrate into cellular chromatin. The pre-integration complex is found preferentially at the nuclear periphery in decondensed chromatin (Albanese et al, 2008) . In most cells, the virus is transcriptionally active, but in some cells it may be subjected to reversible silencing. This latter feature, although infrequent, is critical for the establishment of long-term viral reservoirs in patients undergoing antiviral therapy. From our work, it appears that certain portions of the periphery provide such an environment required for reversible silencing. Analysis of the integration site in latently infected cells show that the provirus is found both in genepoor and in gene-rich regions (reviewed in Marcello, 2006) and also within transcribed genes as recently described (De Marco et al, 2008; Han et al, 2008; Lenasi et al, 2008) . Therefore, it appears that positioning at the nuclear periphery is dominant over the site of integration in determining the latent/inducible state.
To conclude, we propose that HIV-1 integrated close to pericentromeric heterochromatin at the nuclear periphery in quiescent lymphocytes finds a convenient environment to maintain a silent but inducible state. However, it would be important to extend these observations to a wider population of latent cells from infected patients undergoing antiviral therapy to get a general picture of the phenomenon.
Materials and methods
Cells and their characterization
The J-lat cell lines, derivatives of the Jurkat cell line originally developed in Eric Verdin's laboratory, were obtained through the National Institutes of Health (NIH) AIDS Research and Reference Reagent Program. The pro-monocytic U937 cell line U1, which contains two copies of the integrated provirus (Folks et al, 1987; Lusic et al, 2003) , and the HOS 143b cells (ECACC n. 91112502) carrying an integrated HIV-1 vector (De Marco et al, 2008) were described earlier. Cells were grown in RPMI 1640 or DMEM medium, 10% fetal calf serum and antibiotics. As expected for tumour cell lines in culture, which are frequently subject to chromosomal abnormalities and polyploidy, we observed that Jlat A1 cells were often polyploid with loss of the original Y chromosome (Schneider et al, 1977) . Cytofluorimetric analysis was carried out on untreated cells or on cells treated with tetradecanoyl phorbol acetate (TPA) and analyzed after 15 h. For RT-PCR, total RNA was extracted at the indicated time points as described by the RNeasy Kit (Qiagen). Reverse transcription was performed with M-MLV RT (Moloney Murine Leukemia Virus Reverse Transcriptase) (Invitrogen) using random primers. Amplification was conducted with the indicated primers (Supplementary Table 1) .
For the immunoprecipitation, activated cells were lysed and treated with agarose beads conjugated to the anti-flag antibody (Sigma). Membranes were then blotted with the same anti-flag antibody to detect f-Tat and with anti-Cyclin T1 (Santa Cruz Biotechnology).
4C technique
The circular chromatin conformation capture (4C) protocol was established as per published procedures (Zhao et al, 2006) . J-lat A1 cells were maintained in warm fresh medium at 0.5 Â10 6 cells per ml. After 1 h, TPA (Fluka) was added to the final concentration of 1.6 mM. After 5-8 h, 10 8 cells were cross-linked on a rocker platform in 40 ml of phosphate-buffered saline (PBS) with 1% formaldehyde at room temperature for 10 min. The reaction was then quenched with 0.125 M of glycine and kept on ice. After two washes with cold PBS, the pellet was resuspended in lysis buffer (10 mM Tris pH 8.0, 10 mM NaCl, 0.2% NP40 and freshly added protease inhibitors) and kept on ice for 10 min. Cell lysis was completed with 10 strokes of Dounce homogenizer (pestle B, Wheaton). Nuclei were pelletized at 600 g for 8 min and washed with 10 ml of 1 Â restriction buffer (NEB2, New England Biolabs). Nuclei were resuspended in 712.8 ml of restriction buffer including 0.1% SDS and incubated by shaking for 1 h at 371C. Triton X-100 was then added to a final concentration of 1.8% and further incubated at 371C for 1 h before adding 4000 U of HindIII. The reaction was incubated at 371C overnight by shaking. The restriction enzyme was inactivated by the addition of 2% SDS (final concentration) and incubated at 651C for 20 min. The digestion mixture was diluted in 8 ml of 1 Â T4 ligase buffer (New England Biolabs) including 1% Triton X-100 and incubated at 371C for 1 h. The digested sample was ligated using 4000 U of T4 DNA ligase (New England Biolabs) for 3 days at 41C, followed by incubation at 161C for 5 h and for 1 h at room temperature with additional enzyme and ATP. The reaction was stopped with 10 mM EDTA. RNase (1 mg/ml) of was then added and incubated at 371C for 30 min, followed by 0.1 mg/ml protein kinase and incubated at 561C for 30 min. Finally, cross-links were reversed by incubation at 651C overnight. The DNA was purified by 2 Â phenol/chloroform, 2 Â chloroform extraction and ethanol precipitation.
In some experiments, the purified DNA was digested with a restriction enzyme (NotI) that cuts between the inverse PCR primers to eliminate products from self-ligated templates. The DNA samples were then amplified by nested PCR. The high-fidelity AccuPrime Pfx (Invitrogen) was used for first and second round amplification. The PCR conditions were as follows: 941C for 2 min followed by 35 cycles at 941C for 30 s, 581C for 30 s and 721C for 30 s, followed by one cycle at 721C for 2 min. For the second round, the PCR conditions were as follows: 941C for 2 min followed by 35 cycles at 941C for 30 s, 621C for 30 s and 721C for 30 s, followed by one cycle at 721C for 2 min. The primers used are shown in Supplementary  Table 1. The PCR products were either resolved on agarose gels and the fragments cloned individually or bulk cloned into Zero Blunt TOPO PCR Cloning Kit (Invitrogen) and analyzed by DNA sequencing.
To confirm the interaction, we performed 3C assays following the protocol of 4C technique described previously. With a primer on Ch12q12 (found by 4C) and the primers on the provirus, a hemi-nested PCR was performed following the same conditions as in 4C PCR. The primers used are shown in Supplementary Table 1. As a positive control, we used internal amplification of the provirus using Nuc1-B177 and splice-Intro primers (see sequence in Supplementary Table 1) .
FISH
Three-dimensional FISH (3D-FISH) was performed essentially as described in Solovei et al (2006) . Briefly, freshly grown J-lat A1 cells were resuspended at 3 Â10 6 cells per ml in 50% serum and seeded for 20 min on glass coverslips that were previously treated with polylysine. The cells were then fixed in 4% paraformaldehyde in 0.3 Â hypotonic PBS for 10 min, permeabilized with Triton X-100 for 10 min and left in PBS with 20% glycerol for 1 h overnight. The next day, the coverslips with the cells were subjected to three cycles of liquid nitrogen in glycerol, treated with 0.1 N HCl for 10 min and incubated in 0.002% of Pepsin in 0.01 N HCL at 371C for 8 min, and then washed in PBS followed by RNase A (200 mg/ml) treatment. The coverslips were then equilibrated in 50% formamide, 2 Â SSC for 1-2 h.
Bacterial artificial chromosome (BAC) DNA containing the regions under study, ChXp21.1 and Ch12q12 (RP11-77013 and RP11-379CZ4, respectively), and the DNA probe specific for Ch12 asatellite repeats (Baldini et al, 1990) were obtained from Dr Mario Rocchi (University of Bari, Italy). The pan-satellite repeats probe p82H, which is specific for the centromeric regions of all human chromosomes (Mitchell et al, 1985) , was obtained from Wendy Bickmore (MRC Human Genetics Unit, Edinburgh, Scotland). Probes were conjugated to digoxigen-11-dUTP and labelled with a-digoxigenin fluorescein (Roche) or tetramethyl-rhodamine-5-dUTP (Roche). The provirus was conjugated to biotin-16-dUTP (Roche) and labelled with the TSA Cyanine 5 System (PerkinElmer). The incorporation of modified dUTPs for all samples was obtained by nick translation (Roche), and unincorporated nucleotides were removed by gel filtration using a MicroSpin G-25 Column (GE Healthcare). The probes were then resuspended into the hybridization mix and applied to the slides. The coverslips were immobilized with rubber cement and left to hybridize at 371C in a humid chamber for at least 2 days. Washes and antibody staining were performed using standard techniques. The coverslips were then mounted in Vectashield (Vector Labs).
Fluorescent images of fixed cells were captured on a Zeiss LSM 510 META confocal microscope (Carl Zeiss Microimaging) with a Â 63 NA 1.4 Plan-Apochromat oil objective. The pinhole of the microscope was adjusted to obtain an optical slice of o1.0 mm for any wavelength acquired. Samples labelled with digoxigenin-11-dUTP were excited with the 488 nm line of the Ar laser and its emission was monitored using a custom-made Meta band pass filter between 510 and 563 nm. Biotin/TSA-Cy5 System and tetramethylrhodamine-5-dUTP fluorophores were excited using the 543 nm HeNe laser and their emission collected using a custom-made Meta band pass filter between 552 and 670 nm.
Z-Stacks of images were analyzed with a Zeiss LSM Image Examiner. The shortest distance from the centres of signal intensity between FISH spots (gene locus) or from the spot to the nuclear periphery (defined by a sharp drop in stain) was measured using the Ortho tool of the LSM510 software with the 3D distance display mode. The periphery data were normalized using the maximum diameter of each cell.
RNA FISH on HOS_A4 cells has been performed as described (De Marco et al, 2008) . For live cell experiments, cells were plated on glass-bottom plates (MatTek), transiently transfected with Lipofectamine with plasmids expressing the Tat transactivator and EYFP-MS2nls and analyzed next day at 371C in a 5% CO 2 humidified atmosphere in a non-fluorescent complete DMEM medium. Stacks of 21 planes were acquired at bin ¼ 1 with steps of 0.5 mm in the z axis using a wide-field Leica DMRI inverted microscope ( Â 63 objective, NA 1.3) controlled by Metamorph (Universal Imaging) and equipped with a conventional light source (Hg, 100 W), a filter cube for YFP detection (Leica Microsystems) and an automated shutter control to minimize exposure of samples to light (Sutter). Digital images were collected using a CoolSnap K CCD camera (Roper Scientific). The 3D deconvolution and reconstruction was performed with the ImageJ plug-in 'Iterative Deconvolve 3D' (http://rsb.info.nih.gov/ij/). Cells treated as described for 3D-FISH at the 20% glycerol step were blocked with 5% horse serum in PBS for 1 h at 371C for immunofluorescence. As a primary antibody, we used the rabbit antiserum for trimethyl-histone H4 Lys20 (H4K20me3) (cat. no. 07-463, Upstate). The antibody was diluted 1:500 in 5% horse serum and left for 2 h at 37 1C. Anti-rabbit Alexa Fluor 594 (Invitrogen) was used as the secondary antibody. The proteins were cross-linked with EGS of 0.5 M (diluted 1:500; Sigma, E-3257) for 10 min at room temperature. Optical sectioning of fixed cells were captured on a Zeiss LSM 510 META confocal microscope as described above.
Statistical analysis
The statistical analysis of the data was performed with R software (http://www.r-project.org/).
The distribution of distances between chromosomes ( Figure  3B -D) was analyzed with the MCLUST package (http://www.stat. washington.edu/mclust/). The parametric method, Bayesian Information Criterion (BIC), was used as a useful statistical criterion for model selection to determine the number of components in a Gaussian mixture model. The value of BIC allowed the distinction between a single Gaussian ( Figure 3C and D) and the sum of two Gaussians ( Figure 3B ). The two Gaussians in Figure 3B were centred at 0.6 and 2.8 mm, with a standard deviation of 0.5 and 1 mm, respectively. The mean and standard deviation of the curve in Figure 3C were 2.7 and 1 mm and in Figure 3D were 3.3 and 2 mm.
The differences in spatial associations measured in Figures 3E and 4B and D were analyzed with the w 2 -test and were always significative (significance level set at w 2 , Po0.05). The differences between the distribution of distances from the provirus to the periphery in induced and not induced cells ( Figure 5D ) were analyzed using the Kolmogorov-Smirnov test (K-S test) and were not significative (significance level set at Po0.01). The K-S test is a non-parametric and distribution-free statistical test that determines whether two data sets differ significantly.
The distributions of distances of the provirus from the periphery for different cell lines compared with the J-lat A1 distribution ( Figure 5E ) were also analyzed with a K-S test (significance level set at Po0.01).
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
